The new metal−organic compound nickel(II) 3,4;9,10-perylenediimide bis-phosphonate pentahydrate, i.e. Ni 2 [(PDI-BP)-(H 2 O) 2 ]·3H 2 O (1), has been synthesized and its structural and magnetic properties have been studied. Reaction of 3,4;9,10-perylenediimide bisphosphonate (PDI-BP, hereafter) ligand and nickel chloride in water resulted in the precipitation of a red and poorly crystalline solid (1). As the solid shows a poor crystalline organization of aggregates, the energy dispersive X-ray diffraction analysis (EDXD) technique has been used to obtain short-range order structural information of the single nanoaggregates by radial distribution function analysis. The overall structure of the compound is characterized by layers containing perylene planes shifted in the direction perpendicular to the stacking axes in such a way that only the outer rings overlap. The edges of the perylene planes are connected to the phosphonate groups through an imido group. The oxygen atoms of the [−PO 3 ] 2-group and those of the water molecules are bonded to the nickel ions resulting in a [NiO 6 ] octahedral coordination sphere. The Ni−O bond lengths are 0.21 ± 0.08 nm and the Ni−O−Ni angles of aligned moieties are 95 ± 2°. The oxygen atoms of the water molecules and the nickel atoms are nearly planar and almost perpendicular to the perylene planes forming chains of edge-sharing octahedra. The magnetic properties of (1) show the presence of intrachain ferromagnetic Ni−Ni interactions and a long-range ferromagnetic order below 21 K with a canting angle and with a spin glasslike behavior due to disorder in the inorganic layer. Hysteresis cycles show a coercive field of ca. 272 mT at 2 K that decreases as the temperature is increased and vanishes at ca. 20 K.
■ INTRODUCTION
The design and synthesis of multiproperty materials, such as multiferroics, 1 ferromagnetic conductors, 2 porous magnetic MOF solids, 3 and paramagnetic superconductors 4 is at the fore-front of solid-state science. The so-called organic− inorganic hybrid compounds consisting of organic and inorganic components represent a promising class of materials. 5 In this context, we use here a strategy consisting in selfassembling a transition metal salt with a suitable functional molecular brick, such as a phosphonate RPO 3 H 2 , or bisphosphonate H 2 O 3 P−R−PO 3 H 2 moiety (R = organic group) to prepare metal organo-phosphonates that can be formulated as M x (RPO 3 ) y (M = transition metal ion). 6 This strategy allows the introduction of an additional tailored chemical or physical property in the R group. In the present work, we have chosen to couple the optical properties of an aromatic molecule as the perylenediimide (PDI) with long-range magnetic ordering provided by properly designed nickel phosphonate.
Aromatic molecules such as 1,4;5,8-naphthalenediimide (NDI) 7 and 3,4;9,10-perylenediimide (PDI) 8 show high thermal stability, well-defined redox chemistry, and remarkable optical properties. Among them, several perylenediimide derivatives have received considerable attention as dyes and pigments, 9 as well as electrical conducting materials, 10 n-type semiconductors, 11 and electroluminescent solids. 12 The latter properties suggest applications in the field of electronic materials and in the preparation of organic field effect transistors. 13, 14 Moreover, PDI derivatives can easily be reduced in two steps, generating first a radical-anion, followed by a further reduction to a diamagnetic dianion. 10 Chemical insertion on the PDI molecule of donor groups through the diimide nitrogen atoms or via substitution on the aromatic core provides derivatives whose absorption or emission may be modulated and can be used in the construction of hybrid organic−inorganic lattices. An interesting chemical modification is the insertion of one or two phosphonate groups because they have a well established bonding ability toward metal ions. Thus, phosphonate-substituted aromatic diimides are suitable molecules for the design of multifunctional organic−inorganic hybrids, either as bulk or as thin film, by chemical selfassembling, when left to react with metal ions in water. 15 Recently, we have reported the synthesis and characterization of a new coordination Ni II polymer with 1,4;5,8 naphthalene diimide bis-phosphonate, which is a canted antiferromagnet at low temperatures. 16 However, the poor crystallinity of the latter has precluded the study of its crystal and molecular structures and their correlation with the magnetic properties.
In order to prepare and study new multifunctional ferromagnetic solids, we have synthesized the bis-phosphonate derivative of the aromatic dye 3,4;9,10-Perylenediimide (Chart 1), which is characterized by an even more extended π-electron system 9 and we have combined this ligand with Ni II ions.
■ EXPERIMENTAL SECTION
See the Supporting Information for general information on spectroscopy (FTIR, UV−vis), magnetic and TEM measurements and for energy dispersive X-ray diffraction technique. General Methods. 3,4;9,10 Perylenetetracarboxylic dianhydride, 2-aminoethylphosphonic acid, NH 2 −(CH 2 ) 2 −PO 3 H 2 , and [NiCl 2 ]·6H 2 O were of analytical grade (Aldrich Chemical Co.) and were used without further purification. Imidazole was purchased from Aldrich and urea was of analytical grade (Carlo ERBA). The reactions under inert atmosphere were carried out by using Schlenck techniques. HPLC water was used as solvent.
Synthesis of N,N′-bis(2-phosphonoethyl)-3,4;9,10-perylenediimide, (PDI-BP). The synthesis of the ligand (hereafter PDI-BP) has been carried out by following a previously reported method. 15 The dark-red product, obtained as monoimidazolium salt, was transformed into the watersoluble bis-sodium salt of PDI-BP by addition of NaOH (1 M). After filtration the dark-red solution was exposed to vapors of HCl (37%) in a desiccator in order to precipitate the PDI-BP ligand as a dark-red-brown solid. The final product was washed with cooled water until neutrality and finally with pure ethanol. The product was dried under vacuum. The purity of the compound was checked by elemental analysis and UV−vis and infrared spectroscopy. /min on a Thermoanalysis Q60 thermoanalyzer. The FTIR absorption spectra were recorded on a Shimadzu Prestige 21 spectrophotometer using KBr pellets. The UV−vis reflectance spectra of the powder samples were recorded on a PerkinElmer 950 spectrophotometer. Static magnetization measurements were performed with a Quantum Design MPMS-XL-5 SQUID magnetometer in the 2 to 300 K temperature range at different applied fields and in zero-field-cooled (ZFC) and field-cooled (FC) modes. The isothermal magnetization measurements were done with fields from −5 to 5 T. AC susceptibility measurements were performed on the same samples with an oscillating magnetic field of 0.395 mT in the frequency range 1−1000 Hz. Susceptibility data were corrected for the sample holder and for the diamagnetic contribution of the salt using Pascal's constants. 29 Trasmission Electron Microscopy−TEM. Trasmission Electron Microscopy observations were performed using a JEM-2100 (JEOL, Japan) operating at 100 kV accelerating voltage, equipped with an energy dispersive X-ray spectrometer (EDS, Oxford Instruments, UK) suited for element identification. A small quantity of Ni 2 [(PDI-BP)(H 2 O) 2 ]·3H 2 O was ultrasonically dispersed in EtOH and a droplet of the suspension was deposited onto an holey carbon film on 300 mesh copper grid.
Angular Dispersive X-ray Data Collection. Room temperature X-ray powder diffraction data were recorded on a Seifert XRD-3000 diffractometer, Bragg−Brentano geometry, equipped with a curved graphite monochromator [λ(CuK α1,2 ) = 1.54056/1.5444 Å] and a scintillation detector. The data were collected with a step size of 0.02°, θ-2θ and at count time of 8 s per step over the range 3°< 2θ < 80°. The diffractometer zero point was determined from an external Si standard.
Energy Dispersive X-ray Diffraction − EDXD. The characterization of compounds was carried out by energy dispersive X-ray diffraction technique. The very finely pulverized sample was compressed into pellets. Data were recorded with a custom built X-ray energy scanning diffractometer, consisting of a Seifert X-ray HV generator supplying a water-cooled tungsten X-ray source, with maximum power of 3.0 kW. The bremsstrahlung (braking radiation) of the X-ray source was used. Operating conditions were: high voltage supplies 50 kV, current intensity 40 mA. A germanium solid-state detector (SSD) was used for recording the diffraction spectra. The SSD was linked to a multichannel analyzer by an electronic chain. A set of collimating slits in front of and behind the sample, two step motors for moving arms on which the source and detector were mounted, and an adjustable sample holder placed in the optical center of the diffractometer completed the set up. The complete experimental scattering parameter range, q = 0.5−180.00 nm ], λ in [nm]; the used energy (E) range is 13.5−38.2 keV, and the value of the constant C is 10.14 keV·nm -1 . The experimental data were corrected for the following effects: escape peak suppression, normalization to the incident radiation intensity, division by X-ray absorption and polarization coefficients, and subtraction of the contributions, due to inelastic scattering, from the observed intensities. Then the spectra were joined to reconstruct the whole diffraction pattern. Figure S1 of the Supporting Information) and characterized by elemental analysis and several techniques, such as TGA-DSC, TEM, EDXD as well as various spectroscopies (UV−vis, FTIR). TGA-DSC results are in agreement with the presence of five water molecules per formula unit: the loss at ∼100°C can be ascribed to three crystallization water molecules and the loss in the temperature range 180−213°C to two coordinated water molecules ( Figure S2 of the Supporting Information). The conventional X-ray diffraction pattern of (1) reported Figure S1 of the Supporting Information exhibits broad peaks over it in the low 2θ angle region. However, some insights of the molecular structure of the title compound are provided from transmission electron microscopy (TEM), UV−vis, and FTIR spectroscopies. Finally, the structure was solved by energy dispersive X-ray diffraction (EDXD) technique.
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Morphology. The morphology of compound (1) was characterized by TEM ( Figure 1 ). Low-magnification bright field images reveal the presence of microaggregates without clearly distinguishable shape (part a of Figure 1 ). High magnification of the specimen shows the presence of finely dispersed plate-like shaped nanocrystalline domains of approximately 25 nm in size randomly oriented (part b of Figure 1 ). High-resolution image observation exhibits lattice with different morphology and dimensions (insert).
The measured interplanar distances corresponds to d Org-Org = 1.12 nm and d In−In = 2.21 nm. This provides direct evidence of the formation of self-assembled inorganic−organic layers in agreement with the structural model based on the EDXD experimental data. The distance between two nitrogen atoms at the edges of the perylenediimide moiety is consistent with d Org-Org and the distance between nickel chains of two opposite sides of the perylenediimide bridge is consistent with the value of d In−In . Energy dispersive X-ray spectroscopy (EDS) also confirms that these regions correspond to well formed alternating layers of compound (1) as shown by the high Ni, P, O, N, and C content detected in this areas (insert). Further information on the data analysis procedure is given in the Supporting Information.
Chemical−Physical Characterization. Figure S3 of the Supporting Information). The free ligand shows two broad bands centered at 2760 and 2300 cm −1 , which can be assigned to OH stretching vibrations of the P−OH groups: these bands disappear when the metal complex is formed suggesting the complete deprotonation of the ligand. The most prominent bands of free ligand are below 1800 cm −1 and the assignments of molecular vibrations were carried out by comparison with those of parent perylenediimide 18 and phosphonate moieties. 16 The strong infrared bands at 1695 and at 1650 cm −1 are characteristic for the stretching vibrations of highly conjugated carbonyl bonds of the imide group. Other prominent bands of the ligand are observed at 1594, 1578, 1462, 1380, and 1345 cm region a very broad and intense band centered at 3450 cm −1 , which could be assigned to the O−H stretching vibrations of coordination and crystallization water molecules. The medium band at 1650 cm −1 is assigned to the H 2 O bending frequency. These results are in agreement with TGA studies, which suggest the coordination of two water molecules to the metal ions in the compound. Moreover, two strong and broad bands are found in the region 1100−970 cm −1 and they can be assigned to the symmetric and asymmetric [PO 3 ] 2-group stretching modes. The other vibrations observed in the free ligand (above) are also present in the Ni II derivative, confirming the presence of the ligand in the red solid.
The absorption UV−vis spectrum of pure PDI-BP ligand in water shows four main bands at ∼320 nm (m), 481 nm (s), 500 EDXD Data Analysis and Structural Modeling. Short− medium range structural arrangement was determined by EDXD. The experimental and calculated structure functions are reported in part a of Figure 2 . The experimental structure function (SF)qI(q)M(q) was collected in the reciprocal space range 0.5 < q < 180 nm −1 and shows the typical damped oscillations of a poorly crystalline material. The SF exhibits a high and broad peak at 2.44 nm −1 with several shoulders from 5 to 12 nm −1 , a well-defined broad peak at 18.0 nm −1 , and sequential overlapping peaks from 20 to 50 nm . These data indicate a regular structural repetition of long distances into real space.
At medium-high range of the SF, it is possible to observe a broad peak at 62.6 nm −1 followed by large dumping oscillations at high q values, related to the inter-and intramolecular contacts. The corresponding Fourier transform, i.e. the radial distribution function (reported in the Diff(r) form in part b of Figure 2 in the range 0−9 nm) provides direct information in real space of the inter-and intralayers contacts.
Three regions can be singled out in the Diff(r) function: (1) from 0.1 to ca. 0.4 nm, mainly containing intra-inorganic contributions, (2) from ca. 0.5 to ca. 2.0 nm, where both intrainorganic and intra-organic interactions are present, and (3) from ca. 2.0 to ca. 4.0 nm, where the interactions between two parallel inorganic layers provide most of the contribution to the X-ray scattering. Beyond 4.0 nm the intensity of the peaks becomes very small suggesting the absence, in this region, of conformational variations of the repeating units.
The structure yielding the experimental Diff(r) was determined by making hypothesis on the overall structure and calculating the corresponding theoretical Diff(r). Subsequent refinements allowed a good agreement between theoretical and experimental curves. The starting set up for the structural determination took into account several models, other Ni bis-phosphonates with similar formulas 20, 21 and information on the organic structure gathered from previous crystallographic studies. 8a By synchronizing all the structural parameters we determined the self-assembling structure of the Ni 2 [(PDI-BP)-(H 2 O) 2 ]·3H 2 O platelet. In the final model, the perylene layers are stacked and shifted in the direction perpendicular to the stacking, in such a way that only the outer phenyl rings of the perylene planes overlap (parts c and d of Figure 2 ). The imide termination at each side is bonded to a phosphonate group. The best agreement was obtained when the perylene layers showed two slightly different distances along the stacking direction (chosen as z axis) (0.47 ± 0.02) nm, whereas the shift of the layers with respect to each other in the perylene layer plane is (0.15 ± 0.03) nm along the x axis and (0.041 ± 0.015) nm along the y direction (parts c and d of Figure 2) . Furthermore, the conditions of the best fit were accomplished by using a nano-object of ten layers in stacking configuration along the z axis. Each layer contains three organic−inorganic units along the x axis with the organic spacer in trans configuration and 10 molecular units along the y axis (3 × 10 × 10 molecular units). The inorganic Ni chains of neighboring layers are 2.28 nm apart and are covalently linked by a perylene spacer in trans configuration. These values are in agreement with the lattice spacing found with TEM image analysis.
In this arrangement, the Ni Tables 1 and 2. In summary, the structure is formed by nearly uniform chains of edge-sharing Ni II octahedra. Adjacent chains are anchored to each other by the oxygens of one phosphonate group. The whole set of coordinates, used to build up the model is reported in Table S1 of the Supporting Information.
Magnetic Properties. The temperature dependence of the molar magnetic susceptibility, χ m , of compound (1) per formula unit (i.e., per two Ni II ions) shows the typical increase with decreasing temperature and a sharp increase at ca. 20 K (part a of Figure 3 ) that suggests the presence of a long-range ferromagnetic ordering below this temperature. At lower temperatures, the susceptibility does not show saturation, as expected for a perfect ferromagnetic ordered state, indicating the presence of a spin canting in the long-range ordered phase (i.e., the spins are not completely parallel and present a small canting angle). The thermal variation of the χ m T plot (insert of part a of Figure 3 ) exhibits a room temperature value of ca. 2.6 cm 3 ·K·mol −1 that increases when the temperature is lowered confirming the presence of ferromagnetic Ni−Ni interactions. At ca. 19 K, χ m T shows a maximum followed by a decrease at lower temperatures due to the smoothening of the slope in the χ m plot.
The Curie plot ( Figure S5 of the Supporting Information) is linear above ca. 30 K with a Curie constant of 2.50 cm
(the expected value for two independent S = 1 ions with g ≈ 2.24) 22 and a Weiss temperature, θ = +17.2 K that confirms the presence of ferromagnetic interactions in the title compound. To ascertain the structural information obtained from the analysis of the EDXD data, we have used a S = 1 regular ferromagnetic 1D model (eq 1) 23 to fit the magnetic data of compound (1): From the structural data, we can assume that the ferromagnetic Ni−Ni coupling takes place through the double oxido bridges connecting the edge sharing [NiO 6 ] octahedra because these bridges are well known to produce a ferromagnetic coupling when the Ni−O−Ni angles are close to 90°. As the Ni−O−Ni angle increases, this coupling decreases and for values above ca. 97−98°the coupling becomes antiferromagnetic. 24, 25 The moderate ferromagnetic coupling found in compound (1) suggest average Ni−O−Ni angles of ca. 95−96°, again in agreement with the structural data ( Table 2) .
The ferromagnetic ordering of compound (1) below ca. 20 K is confirmed by the split observed at ca. 20 K in the thermal variation of the zero-field cooled (ZFC) and field-cooled (FC) magnetizations (part b of Figure 3) . Consequently, the difference between the FC and ZFC magnetizations (i.e., the irreversible magnetization, ΔM fc-zfc , also shown in part b of The existence of the ferromagnetic ordered state at low temperatures is also proven by the isothermal magnetization versus field and hysteresis measurements (the field is swept between −5 and +5 T at a constant temperature in increasing and decreasing scans). These measurements show that below 20 K the magnetization presents hysteresis cycles (Figure 4) with coercive fields as high as 272 mT (2720 Oe) at 2 K that decrease when the temperature is increased and vanish at 20 K (inserts in Figure 4) . The isothermal magnetization plots also provide an additional proof of the spin canting suggested by the χ m versus T plot. Thus, the magnetization does not reach saturation even at fields as high as 5 T and the magnetization value at 5 T is below the expected one (gS ≈ 2.25 μ B per Ni II ion) for a perfect alignment of all the S = 1 spins.
If we look at the first field sweep when it is increased from 0 to 5 T, we can observe that, for T < 20 K, the M versus H plot shows a sigmoidal shape (part a of Figure 5 ) with a maximumslope field (H c , determined as the maximum in the derivative plot as seen in Figure S6 of the Supporting Information) that decreases as the temperature increases and vanishes at ca. 20 K (insert in part a of Figure 5 ). This behavior suggests the presence of a large anisotropy of the magnetic moments along the Ni(II) chain. The initial linear increase of the magnetization at low magnetic fields corresponds to the domain wall motion along the chain below the ordering temperature. At higher magnetic fields, there is a moment reversal that originates the rapid increase observed in the magnetic moment. As expected, the field needed to induce this moment reversal decreases as the thermal energy of the spin carriers increases (i.e., as the temperature is increased). Finally, the linear increase of the magnetization at higher fields is due to the progressive alignment of the spins in the canted ferromagnetic state.
Note that at 5 T the magnetic moment has not reached saturation (Figure 4 ) and the observed value (ca. 1.5 μ B ) is below the expected saturation value (ca. 2.2 μ B ) .
Finally, the presence of the long-range ferromagnetic ordering was ascertained by ac susceptibility magnetic measurements (i.e., with a weak oscillating magnetic field). These measurements show, as expected, a peak at ca. 20 K in both the in phase (χ m ′) and the out of phase (χ m ″) susceptibilities (part b of Figure 5 ) confirming the presence of a long-range order with T c = 21.0 K (measured as the temperature where χ m ″ becomes nonzero). A close look at both peaks show that their positions are slightly frequency dependent with an increase in the temperature of both peaks as the frequency increases from 1 to 997 Hz. This frequency dependence is observed in spin glasses and in superparamagnetic systems (as the single molecule magnets). 26 In compound (1), the frequency shift, measured as the normalized variation in the position of the peak per decade of frequency, ΔT max /T max Δ(log ν), is 0.060. This value is bigger than the normal values observed in canonical spin glasses (0.005−0.018) and is smaller than the typical values observed in superparamagnets (ca. 0.30) but lies within the normal range observed for spin glasslike materials (0.06−0.08). 26 Therefore, we can attribute the slight frequency dependence to the presence of some structural disorder (most probably Ni II vacancies compensated with the corresponding vacancies in the organic layers, in agreement with the chemical analysis) in the ferromagnetic layers that confers compound (1) a spin glasslike behavior in the ordered phase. This assumption is in agreement with the low crystallinity observed in the X-ray powder diffraction pattern ( Figure S1 of the Supporting Information) and with the simultaneous presence of both ferro-and antiferromagnetic interactions within the inorganic layer. A further proof of the spin glasslike behavior is provided by the physically meaningless activation energy and ν 0 values obtained from the frequency dependence of the χ m ′ peak in the Arrhenius plot (ln ν vs 1/T, Figure S7 of the Supporting Information), in contrast to those obtained for superparamagnets 27 and from the domain wall movement phenomena in ordered systems.
■ CONCLUSIONS
A new magnetic metal(II) bis-phosphonate has been prepared by chemical assembling of a relevant aromatic organophosphonate ligand with paramagnetic nickel(II) ions. The poorly crystalline red compound has been studied by EDXD in an attempt to get an insight in the structure. The fitting procedure of the resulting radial function showed a stacked layered structure, covalently bonded to the inorganic phase, with perylene planes parallel to each other and shifted in a direction perpendicular to the stacking axes, such that only the outer rings overlap. The edges of the perylene planes bind to the phosphonate groups which coordinate the nickel ions. Two bonded water molecules ensure an overall distorted octahedral Ni coordination. The Ni−O−Ni angles are in the range where ferromagnetic exchange interactions are expected and, accordingly, compound (1) presents a ferromagnetic intrachain coupling and weak antiferromagnetic interchain coupling through phosphonate groups. Below ca. 20 K, compound (1) presents a long-range ferromagnetic ordering with a small canting angle and with a spin glass-like behavior due to some disorder in the inorganic layer. Furthermore, compound (1) presents hysteresis cycles with a coercive field of 272 mT at 2 K. This ferromagnetic ordering has been previously observed only in two Ni Further information on EDXD data analysis, X-ray powder diffraction pattern, TGA-DSC measurement, FTIR and UV− vis-NIR spectra, additional magnetic data and full list of atomic coordinates used to build up the compound model. This material is available free of charge via the Internet at http:// pubs.acs.org.
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